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ABSTRACT Using the patch-clamp method, we studied the inﬂuence of external alkali and organic monovalent cations on the
single-channel properties of the adenosine triphosphate (ATP)-activated recombinant human P2X7 receptor. The slope con-
ductance of the hP2X7 channel decreased and the reversal potential was shifted to more negative values as the ionic diameter
of the organic test cations increased. From the relationship between single-channel conductance and the dimensions of the
inward current carrier, the narrowest portion of the pore was estimated to have a mean diameter of ;8.5 A˚. Single-channel
kinetics and permeation properties remained unchanged during receptor activation by up to 1 mM ATP4 for .1 min, arguing
against a molecular correlate of pore dilation at the single P2X7 channel level. Substitution of extracellular Na
1 by any other
alkali or organic cation drastically increased the open probability of the channels by prolonging the mean open time. This effect
seems to be mediated allosterically through an extracellular voltage-dependent Na1 binding site with a Kd of ;5 mM Na
1 at a
membrane potential of 120 mV. The modulation of the ATP-induced hP2X7 receptor gating by extracellular Na1 could be well
described by altering the rate constant from the open to the neighboring closed state in a C-C-C-O kinetic receptor model. We
suggest that P2X7 receptor-induced depolarization and associated K
1-efﬂux may reduce Na1 occupancy of the regulatory Na1
binding site and thus increase the efﬁcacy of ATP4 in a feed-forward manner in P2X7 receptor-expressing cells.
INTRODUCTION
The P2X7 receptor belongs to the seven-member P2X gene
family, which encodes membrane glycoproteins that func-
tion as trimeric adenosine triphosphate (ATP)-gated cation
channels in the plasma membrane of a large variety of cells
throughout the body. P2X7 receptors are primarily expressed
in epithelial cells and antigen-presenting cells such as lym-
phocytes, mast cells, and macrophages, where they seem to
exert immunomodulatory functions including inﬂammatory
cytokine release, membrane fusion events, and apoptosis (for
a recent review, see (1)). Like other P2X receptor subtypes,
P2X7 receptors respond to brief (#1 s) stimulation with
extracellular ATP by the fast opening of an intrinsic cation-
conducting pore, permitting the selective permeation of
small cations (Na1, K1, and Ca21) into the cell. As a result,
the plasma membrane depolarizes and the Na1 and K1
gradients collapse. A particular feature of P2X7 receptors is
that prolonged or repeated activation by ATP promotes the
formation of large pores; these pores allow the bidirectional
passage of molecules into the cell, as indicated by the entry
of organic cations of up to 900 Da, and the leakage of
metabolites (2). If ATP activation is sustained for .15–30
min, permeabilization becomes irreversible in most cell
types and cells start to lyse or undergo apoptosis (1).
The mechanism for large pore formation has not been
unequivocally clariﬁed thus far. For several years, the idea
has been promoted, supported by experimental data, that
P2X7 receptors (and in a similar manner also P2X2 and P2X4
receptors) are capable of progressively increasing the diam-
eter of the initially Na1, K1, and Ca21-selective pathway to
accommodate larger and larger molecules (for reviews see
(2,3)). This phenomenon has been designated ‘‘pore dilata-
tion.’’ However, there is also early indication from exper-
iments with the marine toxin maitotoxin that the lytic pore
and the P2X7 receptor may constitute separate entities (4).
Recently, the possibility of separate entities gained further
strong support from studies suggesting that the P2X7 receptor-
dependent permeabilization to large molecules involves a
modulation of the multidrug transporter P-glycoprotein (5)
or recruitment of pannexin-1, a connexin-like hemichannel
(6). Additionally, our single P2X7 channel experiments (7)
revealed that the apparent pore dilatation of P2X7 receptors
observed in macroscopic current recordings (8,9) has no
equivalent at the single-channel level, suggesting also that
the P2X7 receptor-induced permeability increase is second-
ary to P2X7 receptor activation.
If the lytic properties of P2X7 receptors are mediated
through the activation of cell-type-speciﬁc secondary chan-
nel structures, then the biophysical and pharmacological
properties of the genuine P2X7-receptor channel cannot be
reliably inferred from macroscopic measurements. Methods
measuring global ATP-induced P2X7 receptor-dependent
signals such as whole-cell current recordings, ion ﬂuxes, or
changes of intracellular-concentration permeable ions, do
not allow a clear discrimination between genuine P2X7
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receptor-dependent currents and secondary activated perme-
ation pathways. To overcome these obstacles, we used the
patch-clamp method to characterize genuine P2X7 receptor-
mediated currents at the single-molecule level. We used
inorganic and organic cations to explore the dimension of the
narrow portion of the recombinant hP2X7 receptor channel,
including a potential change in the channel diameter during
prolonged activation by ATP. A dramatic change in the P2X7
receptor single-channel kinetics in Na1-free bath solutions
prompted us to study the inﬂuence of extracellular cations on
the permeation and kinetic behavior of the P2X7 receptor in
greater detail. We found that the pore diameter of single
P2X7 channels stays constant during sustained activation by
ATP and that extracellular Na1 strongly favors closure of the
P2X7 receptor channel.
MATERIALS AND METHODS
Chemicals
Organic cations, and all other chemicals not otherwise speciﬁed were
obtained from Sigma (Deisenhofen, Germany). Na2ATP was purchased
from Roche (Mannheim, Germany).
Single-channel patch-clamp electrophysiology on
recombinant P2X7 receptors
Microelectrodes were pulled from borosilicate glass, coated with Sylgard
(Dow Corning, Midland, MI), and ﬁlled with K1 pipette solution consisting
of (in mM) 90 aspartic acid, 10 KCl, 10 EGTA, 10 BAPTA, 10 Hepes, and
0.5 MgCl2, with pH adjusted to 7.2 with KOH. The Cs
1 pipette solution had
the same composition except that CsCl and CsOH replaced KCl and KOH,
respectively. The pipette resistance was in the range 6–15 MV. Electrode
potentials were compensated electronically by the patch-clamp ampliﬁer
(Axopatch 1D, Axon Instruments, Foster City, CA). The diffusion potential
between the Barth’s medium and the pipette solution at the tip of the pipette
was determined as 3 mV and 5 mV for the K1 and Cs1 pipette solutions,
respectively, using an established procedure (10). Holding potentials (Vh)
and reversal potentials (Vrev) were not corrected for tip potentials.
The human P2X7 (hP2X7) receptor was expressed in collagenase-
defolliculated Xenopus laevis oocytes of stages V and VI by injection of 20
nl (;2 ng/oocyte) of complementary RNA, as described previously (7).
Injected oocytes were maintained in petri dishes at 19C in modiﬁed Barth’s
medium consisting of (in mM) 100 NaCl, 1 KCl, 1 CaCl2, 1 MgCl2, 5
Hepes-NaOH, pH 7.4, supplemented with 10,000 U/ml of penicillin and 10
mg/ml streptomycin. One to three days after injection, experiments were
performed on outside-out oocyte patches at room temperature (22C). To
this end, the vitelline layer was mechanically removed after a short exposure
to a hyperosmotic shrinking solution. Single denuded oocytes were placed in
the reference-bath electrode-containing part of a two-part perfusion chamber,
and were continuously superfused with Barth’s medium without antibiotics.
Outside-out patches of the oocyte plasma membrane were pulled within this
part of the perfusion chamber.
Once excised, membrane patches were transferred to an electrically
connected subcompartment of the perfusion chamber, the bathing solution of
which could be exchanged completely within ;3 s. The various bathing
solutions used consisted of (mM) 100 X, 0.5 CaCl2, 5 Hepes-Tris, pH 7.4,
with X representing the chloride salt of any one of the following cations:
Li1, Na1, K1, Cs1, monomethylammonium1 (1MA1), dimethylammo-
nium1 (2MA1), trimethylammonium1 (3MA1), tetramethylammonium1
(4MA1), tris-(hydroxymethyl)-aminomethane1 (Tris1), N-methyl-D-
glucamine1 (NMDG1), or tetraethylammonium1 (4EA1). Fast and repro-
ducible solution change at the outer side of the patch, from ATP-free bathing
solution to ATP4-containing solution of otherwise identical composition,
was achieved in ,1 ms using a liquid ﬁlament switch (7). Free ATP4
concentrations indicated in the ﬁgures and in the text were adjusted by
varying the total concentrations of ATP and CaCl2, on the basis of the
equilibrium dissociation constant of Ca-ATP, in such a way that the free
Ca21 concentration was kept constant at 0.5 mM (11). The stability
constants for Tris1 were used to calculate the binding of the organic cations
to ATP (11). The total concentrations of CaCl2 and ATP used to adjust the
ATP4 concentrations indicated in the ﬁgures were calculated according to
Schubert (11) and are shown in Table 1.
As detailed previously (7), ATP4-induced currents recorded from outside-
out patches of hP2X7 receptor-expressing oocytes consist of two compo-
nents: 1), typical patterns of inward single-channel events; and 2), a smooth
inward shift of the holding current with an exponential time course of
activation and deactivation during ATP4 application and withdrawal, re-
spectively. This second component is also observed in patches lacking
hP2X7 receptors and most likely represents a nonspeciﬁc effect of ATP
4 on
the patch membrane and the pipette (7). For evaluation of P2X7 receptor-
dependent single-channel kinetics, measurements of single-channel current
amplitudes or dwell times started 1 s after application of ATP4, and the
steady state or slowly increasing components of the smooth current com-
ponent were subtracted by the software used.
Currents were recorded and ﬁltered at 1 kHz (if not otherwise stated) using
the four-pole Bessel ﬁlter of the ampliﬁer and sampled at 5 kHz. Sample-trace
data lasting 0.4–4 s were stored and analyzed on a personal computer using
software programmed in our department (Superpatch 2000, SP-Analyzer, T.
Bo¨hm, University Halle) and the computer program ASCD (generously
provided by G. Droogmans, Catholic University, Leuven, Belgium) using
least-square algorithms for ﬁtting amplitude and dwell-time histograms.
Channel open probabilities (Po) were calculated from the amplitude
histogram. Only patches with no more than three overlapping single-channel
events were used. The number of channels in a patch was assumed to
correspond to the maximal number of overlapping events at an activating
ATP4 concentration of 1 mM, where Po is high. In cases of more than one
TABLE 1 Calculated ATP4 concentrations in CaCl2-containing
extracellular solutions
[ATP4] (mM) [ATP]abs (mM) [Ca
21]abs (mM) Monovalent cation
10 57 34.7 Na
3 17 10.8 Na
1 5.7 3.95 Na
0.3 1.7 1.53 Na
0.1 0.57 0.85 Na
0.03 0.17 0.6 Na
0.01 0.057 0.53 Na
0.003 0.017 0.51 Na
10 52.03 34.7 K
3 15.8 10.8 K
1 5.3 3.95 K
0.3 1.6 1.53 K
0.1 0.53 0.845 K
0.03 0.16 0.6 K
0.01 0.053 0.53 K
0.003 0.016 0.51 K
0.1 1.3 0.85 Li
0.1 0.5 0.85 Cs
1 5.2 3.95 organic
0.1 0.52 0.85 organic
The absolute concentrations of CaCl2 and ATP needed to achieve the
desired concentration of ATP4 at 0.5 mM constant free Ca21 were
calculated according to Schubert (11).
Monovalent Cations and P2X7 Channels 847
Biophysical Journal 93(3) 846–858
active channel in the patch, an equal Po for all these channels was assumed,
and the mean Po was calculated by the following binomial distribution
Po ¼ 1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pð0Þn
p
; (1)
where n is the number of active channels in the patch, and P(0) is the closed
probability derived from the ﬁt of the amplitude histogram.
For calculation of dwell-time histograms, only apparent single-channel
patches (as judged by the absence of overlapping openings at maximal open
probabilities) were used. The detection threshold for opening and closing
was set at 50% of the single-channel current amplitude.
Diameters of dehydrated alkali cations of 1.20, 1.90, 2.66, and 3.38 A˚,
increasing from Li1 to Na1 to K1 to Cs1, were taken from published data
(12). Effective diameters of organic cations, which are shown in Supple-
mentary Material 1, were calculated as the smallest possible diameter of a
circular pore allowing permeation of the molecule, using the freeware
program ArgusLab 4.0.1 (Mark A. Thompson, Planaria Software, Seattle,
WA, http://www.arguslab.com).
Averaged data are given as mean 6 SD of N measurements unless oth-
erwise stated. The statistical signiﬁcance (P , 0.05) of differences between
means was assessed by one-way ANOVA followed by Bonferroni’s multiple-
comparison t-test using Jandel Sigmastat statistical software (SPSS, Chicago,
IL). The Sigmaplot program (SPSS) was used for function ﬁtting and
graphical presentation of the data. Theoretical values for dwell times, open
probabilities, and relaxation time constants were derived by simulation using
the freely accessible program SCALCS (http://www.ucl.ac.uk/Pharmacology/
dc.html) (13).
RESULTS
Single hP2X7 receptors display apparently only
one gating mode in Na1-free solutions
In Na1-based extracellular solutions, P2X7 receptor-operated
channel openings exhibited a dual mode of gating with short-
and long-lasting open states (7). Although the short openings
were consistently observed, the long openings appeared par-
ticularly at high ATP4 concentrations. Circumstantial evi-
dence suggested that the transitions between short and long
openings reﬂect a modal gating behavior of the hP2X7
receptor rather than a change in the permeation character-
istics to cations. Because of the large increase of the mean
open probability and open time in Na1-free extracellular
solutions, the two gating modes could not be resolved in
solutions in which Na1 was replaced by other cations. For
the analysis of currents recorded in Na1 solution, we used
only patches displaying short openings. Accordingly, only
one value is given for each parameter in this work.
Determination of the effective pore radius of the
hP2X7 receptor channel
To probe the permeation pathway of the hP2X7 receptor, we
examined the conductance of a series of alkali and organic
cations of increasing diameter ranging from 1.2 A˚ (Li1) to
8.3 A˚ (4EA1). The hP2X7 channel was opened with 0.1 or
1 mM extracellular ATP4. Reversal potential measurements
were done under bi-ionic conditions with one of the organic
test cations and Cs1 in the extracellular bath and patch
pipette solutions, respectively. Accordingly, inward currents
were expected to be carried by the test cation present at the
extracellular side of the membrane, whereas outward currents
were expected to be essentially carried by Cs1 at the cyto-
plasmic side of the membrane.
Fig. 1 shows typical recordings of ATP4-induced single-
channel currents in response to voltage ramps for Na1 (the
most permeant cation tested, see Fig. 2 A) and four methyl-
ated NH14 derivatives. Inwardly-directed single-channel cur-
rents were observed at negative potentials, indicating that the
hP2X7 receptor is permeable to all of the four organic cations
tested. In the Na1-based solution, single-channel conduc-
tance became larger at negative potentials, indicating a weak
inward rectiﬁcation (Fig. 1 B) similar to hP2X7 receptor-
mediated whole-cell currents recorded under analogous
conditions from human B lymphocytes (14) and X. laevis
oocytes (15). Inward rectiﬁcation has also been commonly
observed with P2X2 receptors at both the whole-cell and
single-channel levels (16), where it has been attributed to
binding of the permeating Na1 to a site in the channel pore
within the electrical ﬁeld of the membrane. Fig. 1, C–F,
shows that inward rectiﬁcation was reduced when extracel-
lular Na1 was replaced by one of the large organic cations,
for reasons that were not further investigated.
With increasing diameter of the cations, the single-channel
conductance successively decreased and the reversal potential
was shifted toward more negative values. Reversal potentials
and slope conductances were calculated by linear regression
of single-channel amplitude versus patch membrane poten-
tial 50 mV above and below the respective reversal potential.
An increase of the cation diameter from 1.9 A˚ (Na1) to 6.7 A˚
(4MA1) was associated with a decrease of the slope
conductance from 10.6 pS to 2.3 pS and an average increase
of the reversal potential from 8.3 mV to78.2 mV (Fig. 1,
B and F). A similar decrease in slope conductance (Fig. 2 A)
and increase of reversal potential (Fig. 2 B) as observed with
4MA1 was also seen when Na1 was replaced by other large
organic cations of similar size, such as Tris1, NMDG1, or
TEA1. The permeability sequence suggested that the hP2X7
receptor distinguishes various permeant organic cations
predominantly by their size. An effective diameter of the
P2X7 channel pore of ;8.5 A˚ was obtained by plotting the
single-channel conductance versus the apparent molecular
diameter of the current carrier and extrapolating the diameter
to g ¼ 0 (Fig. 2 C).
Although P2X7 channels are permeable for Ca
21 and the
solutions contained 0.5 mM free Ca21, a substantial con-
tribution of Ca21 ﬂuxes to the measured permeation charac-
teristics seems unlikely for the following reasons: 1), At the
whole cell level (Vh 55 mV), Egan and Khakh (17)
determined a relative contribution of 4.6% of Ca21 to the
P2X7 receptor-operated current in extracellular solutions
containing 145 mM Na1, 1 mM Mg21, and 2 mM Ca21.
Assuming a linear dependence of the relative Ca21 conduc-
tance on the relative concentration of extracellular Ca21 and
independence on both the membrane potential and the
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particular monovalent cation species present, the fractional
current carried by Ca21 under our conditions (100 mM
monovalent, 0.5 mM Ca21) can be estimated to be ;1.7%.
Taking this value and the mean conductance in Na1-based
extracellular solutions of ;11 pS into account, a fractional
Ca21 conductance of ;0.18 pS is derived, which is far
below the 2–3 pS measured for the largest organic cations
tested, suggesting that the contribution of Ca21 is negligible.
2) In a few preliminary measurements (N ¼ 2 to 3 patches),
we examined the effect of the extracellular Ca21 concentra-
tions on the conductance g and the reversal potential Vrev of
P2X7 receptor-operated single-channel currents in 100 mM
NMDG1-based extracellular solution. No signiﬁcant changes
were found at 0.2, 0.5, and 2 mM free extracellular Ca21, at
which g values (Vrev values) of 2.6 6 0.3 pS (74.4 6 5.8
mV), 2.9 6 0.2 pS (74.7 6 3.8 mV) and 2.6 6 0.3 pS
FIGURE 1 Representative single-channel recordings of
hP2X7 receptor-mediated currents from outside-out patches
exposed to different extracellular cations. The horizontal
lines represent zero current when the hP2X7 channel in the
patch is closed. Downward and upward deﬂections corre-
spond to channel openings at negative and positive voltages,
respectively. Currents were recorded during voltage ramp
pulses extending from 160 to 160 mV within 1 s before
(A) and during (B–F) hP2X7 receptor activation by 1 mM
ATP4 in extracellular solutions with the main monovalent
cation in the bath as indicated. Leak currents and non-
speciﬁc ATP4-induced currents (for details, see (7) were
subtracted. To demonstrate the current-voltage relationship
of P2X7 receptor-operated channels despite the low mean
open probability in Na1 solution, a current trace displaying
nonrepresentative high open probability is shown in B.
Straight lines represent a linear ﬁt of the open channel
current against voltage ramp ranging from50 to150 mV
below and above the respective reversal potential Vrev.
Current signals were ﬁltered at 1000 Hz (A and B) or 100
Hz (C–F). The Cs1 pipette solution was used. The values
derived for slope conductance g and Vrev are indicated in
the graph.
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(68.9 6 3.9 mV) were measured, respectively (mean 6
SE). Accordingly, we think that a correction of the data
analysis for Ca21 permeability is unnecessary. Only at 10
mM Ca21 was a signiﬁcant positive shift in the reversal
potential observed (g ¼ 3.1 6 0.4 pS, Vrev ¼ 54.4 6 6.7
mV), as compared to the Ca21-free solution.
Replacing external Na1 by other monovalent
cations increases the single-channel
open probability
Fig. 3 demonstrates typical examples of ATP4-induced
single-channel currents in bathing solutions with different
species of monovalent cations. In addition to the successive
decrease of the single-channel amplitude with increasing
diameter of the tested organic cation, it is apparent that the
open probability and the open times increased dramatically
when Na1 was replaced by one of the indicated cations. The
single-channel current amplitude and open probability (as
well as the conductance and the reversal potential, data not
shown) did not change during sustained channel activation,
irrespective of the species of extracellular monovalent cation.
As an example, the two lowest panels of Fig. 3 show rep-
resentative single-channel current traces of 2 s duration
recorded in 100 mM NMDG1 2 s after initiating and just
before stopping a 30-s channel activation by 0.1 mMATP4.
Channel conductance and open probability were fairly
constant over the longest time period (30 s) examined.
Similarly, also replacing extracellular Na1 by K1 produced
markedly prolonged mean channel open times to, from 6 ms
to 94 ms, as shown in Fig. 4. In extracellular solutions con-
taining both Na1 and K1, an intermediate mean open time of
65 ms was observed (Fig. 4, middle). In K1-based extracel-
lular solutions, both the amplitudes of the single-channel
currents (Fig. 5 A) and the increased mean open times (Fig. 5
C) were independent of the activating ATP4-concentration
([ATP4]). In contrast, the open probability Po increased
signiﬁcantly with increasing [ATP4] (Fig. 5 B).
In a C-C-C-O model of channel gating, when all ATP4
binding sites have the same afﬁnity and there is no coop-
erative interaction between them, the [ATP4] dependence
of the open probability is given by
Poð½ATP4Þ ¼ Po;N
11
10
logKd
½ATP4
 n; (2)
where Po,N is the maximal open probability at saturating
ATP4 concentrations, Kd is the apparent ATP
4 dissociation
constant, and n is the number of bound ATP4 molecules
needed for channel opening. Compared to data obtained in
Na1-based media (7), P0 was increased in K
1-based media
from 0.266 0.02 to 0.866 0.01, and the pKd-value (logKd)
was increased from 3.93 6 0.14 to 4.36 6 0.09. Only the
coefﬁcient n of 1.66 0.2 (mean6 SE) was virtually the same
in Na1 and K1-based extracellular solutions (7).
The [ATP4]-dependent increase of the open probability
resulted from a decrease of the mean closed time tc shown
in Fig. 5 D. The mean closed times measured here were
signiﬁcantly larger in K1 than in Na1 media at external
ATP4, 30 mM, but not signiﬁcantly different at. 30 mM
ATP4 (7). The reason for this is probably that in (7), traces
analyzed for dwell times lasted maximally 0.4 s, limiting the
FIGURE 2 Slope conductance and reversal potential of ATP-activated
P2X7 receptor channels for each extracellular cation tested. Statistical
comparisons were made between (A) single-channel conductances or (B)
reversal potentials recorded under asymmetric conditions (Cs1 pipette
solution) from outside-out patches exposed to different extracellular cations.
Data were obtained as shown in Fig. 1 and are given as mean6 SE of 3–15
independent measurements. Means labeled with different letters are
signiﬁcantly differ from one another. (C) Slope conductance g of single
hP2X7 channels versus the ionic diameter of each cation. A minimal
effective diameter of the hP2X7 receptor channel of 8.56 0.4 A˚ was derived
by extrapolating the linear regression ﬁt of the values for the organic cations,
shown as a solid line, to zero conductance.
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maximally observable closed time duration whereas the
traces described here lasted 4 s.
The inﬂuence of the extracellular monovalent cations on
the single-channel kinetics of the P2X7 receptor is summa-
rized in Fig. 6. The open probability in Na1 and Cs1
solutions was signiﬁcantly lower than in all other cation
solutions tested (Fig. 6 A). A comparison of mean open times
(Fig. 6 B) and mean closed times (Fig. 6 C) reveals that the
mechanisms that determine the low open probabilities of
these two alkali cations are fundamentally different. In Na1
solutions, the low open probability results from an extremely
short mean open time that is unique for Na1 (Fig. 6 B),
whereas the closed time was not signiﬁcantly different to any
of the other cations tested except Cs1 (Fig. 6 C). Contrarily,
the low open probability in Cs1 solutions is largely deter-
mined by a signiﬁcantly increased mean closed time that
is unique for Cs1 (Fig. 6 C). The mean open time in Cs1
solution, on the other hand, was substantially larger than
the mean open time in Na1 solution; this Cs1-evoked in-
crease in the mean open time was of similar magnitude as
FIGURE 3 Cation-dependent conductance
of single P2X7-dependent ion channels.
Data shown are representative current traces
(left) and corresponding amplitude histo-
grams (right) after subtraction of the leak
and nonspeciﬁc ATP4-induced currents.
The two lowermost current traces were re-
corded 2 s after starting the ATP4appli-
cation or 30 s later, as indicated. Currents
were ﬁltered at 1000 Hz (Na1, K1, 1MA1,
and 2MA1), 300 Hz (3MA1) or 100 Hz
(NMDG1). K1 pipette solution, Vh ¼
140 mV, [ATP4] ¼ 0.1 mM.
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that evoked by the other Na1 substitutes, i.e., K1 and organic
cations.
Replacing external Na1 by other monovalent
cations delayed single-channel closure
Recordings from a patch containing about four hP2X7 recep-
tors showed that the closing of P2X7 receptor single channels
on ATP4 withdrawal (deactivation) was drastically delayed
when the extracellular cation is 1MA1 rather than Na1 (Fig.
7, A and B) or any other of the monovalent cations studied
(results not shown). To examine the inﬂuence of replacing
extracellular Na1 with K1 on current activation and deac-
tivation at the macroscopic level, responses to several ATP4
applications were recorded using ensemble-averaged current
from multichannel patches or patches with few P2X7 receptor
channels. The activation time course was approximated by
iactðtÞ ¼ iact;N;c3

1 e
ttdel;act
tact;c

1 iact;N;s3

1 e
ttdel;act
tact;s

1 s3 ðt  tdel;actÞ1 i0; (3)
where iact,N,c and iact,N,s are the amplitudes of steady-state
currents of the noisy mean single-channel current and a
channel-independent unspeciﬁc ‘‘smooth’’ ATP4-induced
current (7), respectively, after inﬁnite time of ATP4 appli-
cation. tact,c and tact,s are the corresponding activation time
constants. tdel,act is the delay of the onset of the ATP
4-induced
current, s is the slope of the linearly increasing part of the
unspeciﬁc current, and i0 is the steady-state current in the
absence of ATP4.
The deactivation during fast ATP4 washout was de-
scribed by:
ideactðtÞ ¼ ideact;c3 e
ttdel;deact
tdeact;c 1 ideact;s3 e
ttdel;deacttdeact;s 1 i0; (4)
where i0 and tdel,deact have the same meaning as in Eq. 3,
ideact,c and ideacts2 are the initial amplitudes, and tdeact,c and
tdeact,s are the time constants of the channel and the
unspeciﬁc current components, respectively. The amplitude
of the unspeciﬁc current component was usually small (in the
range of a few pA) compared to the up to 100-fold larger
channel current component (see Fig. 7, C–F). The activation
and deactivation time constants of the unspeciﬁc component
amounted to;300 ms (7). The unspeciﬁc current component
is evident only in Fig. 7 C as a second slow component of
activation or deactivation, where the noisy channel compo-
nent is small and fast-deactivating.
Fig. 7, C–F, shows representative current traces used for
the analysis. The curve ﬁts demonstrate that both the rate of
current activation and deactivation depended critically on the
FIGURE 4 Example of the dependence of hP2X7
receptor single-channel kinetics on extracellular Na1.
Shown are typical dwell-time histograms of recordings
from a single patch in extracellular solutions consisting of
the indicated monovalent cations (in mM). The approxi-
mated mean dwell times are indicated. K1 pipette solution,
Vh ¼ 120 mV, [ATP4] ¼ 0.1 mM.
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cation species present during ATP4 application and wash-
out, respectively. ATP4-induced current activation was fast
in Na1-based external solutions (C and D) and signiﬁcantly
slower in K1-based external solutions (E and F). Irrespective
of whether Na1 (C and D) or K1 (E and F) was the principal
cation during the initial channel activation, deactivation
occurred rapidly or slowly when the washing solution con-
tained Na1 (C and E) or K1 (D and F), respectively, as the
principal cation.
A statistical and quantitative evaluation of the data is
given in Fig. 8. Successive substitution of extracellular Na1
by K1 did not signiﬁcantly change the single-channel cur-
rent amplitude (Fig. 8 A), but increased the averaged patch
current (Fig. 8 B), which may reﬂect the increased open
probability observed at the single-channel level.
To account for variable levels of channel expression, the
hP2X7 receptor-dependent current I([Na]), evoked by 0.1
mM ATP4 in bathing solutions with a certain concentration
of Na1, was normalized to the current I([0]) evoked in a so-
lution containing no Na1, but 100mMK1. The dose-response
curve for Na1 was ﬁtted (Fig. 8 B) by the Hill equation:
IrelðNa1 Þ ¼ Ið½NaÞ
Ið½0Þ ¼
1 Irel;min
11
½Na
10
logEC50
 n1 Irel;min; (5)
where Irel, min is the minimal relative hP2X7 receptor current
evoked in solution containing 100 mM Na1 and no K1,
EC50 is the Na
1 concentration (in M) for half maximal
inhibition of the Na1-dependent current, and n is the Hill
slope. At a holding potential of 120 mV, the logEC50 was
approximated to 2.24 6 0.03 and n to 1.2 6 0.1 (mean 6
SE for all the approximated parameters). At a Vh of50 mV,
a signiﬁcantly lower logEC50 of1.946 0.06 was obtained,
indicating that the effect of Na1 is voltage-dependent. The
coefﬁcient n, however, remained virtually unchanged by the
holding potential (1.1 6 0.2 at 50 mV).
Similarly, the mean open times to (Fig. 8 C) and the time
constant of ATP4-dependent activation tact of mean en-
semble currents (Fig. 8 E) were strongly dependent on the
extracellular Na1 concentration; this dependency was also
approximated in a manner similar to Eq. 5:
tðNa1 Þ ¼ tmax  tmin
11
½Na
10
logEC50
 n1 tmin: (6)
Neither the logEC50 values 2.45 6 0.02 for to and
2.23 6 0.05 for tact) nor the Hill slopes (1.2 6 0.1 for to
and 1.3 6 0.2 for tact) were signiﬁcantly different from
the logEC50 values determined for the Na
1 concentration
dependence of the relative currents (all measured at 120
mV). The mean closed times (Fig. 8 D), as well as the
deactivation time course (Fig. 8 F), were unaffected by the
Na1 concentration during the current activation. The deac-
tivation time course, however, was signiﬁcantly decelerated
if the extracellular solution applied during ATP4 washout
contained K1 instead of Na1 (Fig. 8 F).
DISCUSSION
Permeation behavior of single P2X7 receptors
In this work, the ability of the P2X7 receptor channel to dis-
criminate between cations of increasing size was investigated.
FIGURE 5 P2X7 receptor single-channel currents in
K1-containing extracellular solution. Shown is the
[ATP4] dependence of single-channel conductance
(A), open probability (B), mean open (C) and mean
closed times (D). Data in B were ﬁtted according to Eq.
2. Dashed lines in B and C are calculated according to
our model (see Discussion). In D, dashed and dotted
lines show the [ATP4] dependence of the three mean
closed times predicted by the model. N ¼ 3–6; K1
pipette solution, Vh ¼ 120 mV.
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Voltage ramps were applied to single P2X7 channels to
measure the dependence of the conductance and the reversal
potential of P2X7 receptor-dependent currents on the species
of the extracellular cation. We found that the P2X7 channel
discriminates poorly between the alkali cations Na1, Li1,
K1, and Cs1, ranging in size from 1.20 to 3.38 A˚. The
reversal potentials of these alkali cations were not signiﬁ-
cantly different, suggesting that Na1, Li1, K1, and Cs1 have
a similar permeability near 0 mV. However, single-channel
conductances varied signiﬁcantly. Based on the bi-ionic
channel conductances (Cs1 intracellularly and different
monovalent cations extracellularly), the selectivity sequence
is Na1 . Cs1  K1 . Li1, corresponding most closely to
Eisenman’s sequence VII. This ﬁnding suggests that cations
interact with a site of intermediate ﬁeld strength when they
permeate through the channel (12). For the P2X2 receptor, a
weak ﬁeld sequence (Eisenman sequence IV) was found
based on the bi-ionic current amplitude, with K1 being more
permeant than Na1 (18). Overall, the permeation character-
istics of the P2X7 receptor ion channel are similar to those
of P2X1 and P2X2 receptors and even of other ligand-
gated channels such as nicotinic acetylcholine receptors and
5-hydroxytryptamine 3 (5-HT3) receptors (18,19).
When organic cations of increasing size (from;4.5 to 6.5
A˚) were used as extracellular charge carriers, g and Vrev
changed signiﬁcantly and approximately in parallel. Within
this size range, the single-channel conductance decreased
almost linearly with the effective diameter of the permeating
organic cation, indicating a sieving effect of the selectivity
ﬁlter, the diameter of which was extrapolated to 8.5 A˚. A
similar minimum diameter of 8 A˚ of the initial ‘‘nondilated’’
pore was obtained from whole-cell recordings of HEK293
cells expressing the rat P2X7 receptor (8). Based on intra-
cellular pH changes caused by the inﬂux of NH14 derivatives,
it has been concluded that 1MA1 and 2MA1, but not 3MA1
or triethylammonium1, can permeate native purinergic P2Z
receptor channels of human B-lymphocytes (20), which
almost certainly represent genuine P2X7 receptors (21). We
suggest that the higher sensitivity of the patch-clamp tech-
nique for detection of cation ﬂuxes, as compared to pH
measurements with ﬂuorescent indicators, accounts for this
apparent discrepancy. Very low permeability to large organic
cations such as NMDG1, Tris1, 4MA1, and 4EA1 has been
observed previously for P2X2 receptors (18).
The selectivity ﬁlter of the hP2X7 receptor seems to
discriminate poorly between organic cations of diameters
between 6.7 A˚ (4MA1) and 8.3 A˚ (4EA1). A similar
observation was made by single-channel current recordings
of P2X2 receptors and attributed to nonionic interactions of
the organic cations with the hydrophobic channel (18). Such
hydrophobic interactions may also occur between organic
cations and the P2X7 receptor. There are, however, alterna-
tive explanations for the poor discriminating capability, such
as uncertainties in estimates of the effective diameter of
organic cations or the possibility that the selectivity ﬁlter
behaves as a ﬂexible rather than a rigid concentric ring.
The largest measurable permeant organic cation that we
used was TEA1, with a molecular mass of 130 Da. Attempts
to test the somewhat larger cation tetrabutylammonium1
failed because tetrabutylammonium1 quickly disrupted the
gigaseal. The 130-Da mass of TEA1 is far below the 314 Da
of the organic cation ethidium1, which was found, using
whole-cell measurements, to permeate native P2Z receptors
(22) and recombinant P2X7 receptors in several (8,23–30)
but not all preparations (14,15,31,32).
In the experiments described here, an increase of neither
the single-channel amplitude nor the conductance or reversal
potential occurred during prolonged exposure to ATP. Also
the single-channel kinetics did not change under these
experimental conditions (7). Similar results were found for
single-channel recordings of the P2Z receptor expressed in
human B lymphocytes (21). Taken together, these ﬁndings
FIGURE 6 Inﬂuence of extracellular cation species on kinetics of hP2X7
receptor-operated single-channel currents. Statistics of open probability (A)
(determined as shown in Fig. 3), mean open time (B), and mean closed time
(C) (both calculated as demonstrated in Fig. 4). mean 6 SE, N ¼ 3–12; K1
pipette solution, Vh¼140 mV, [ATP4]¼ 0.1 mM. Columns labeled with
different signs are signiﬁcantly different.
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strongly suggest that ethidium1 uptake during sustained
ATP activation does not reﬂect a dilatation of the genuine
pore of the P2X7 receptor, but an opening of a distinct
channel secondary to the sustained activation hP2X7 recep-
tor. This secondarily-opened separate channel might be the
pannexin hemichannel (6). The intriguing observation that
P2X2 and P2X4 receptors also change their ion selectivity in
seconds (33,34) could also not be conﬁrmed at the single-
channel level (18,35). Altogether, these ﬁndings suggest that
pore dilation is an epiphenomenon of P2X7 receptor activation.
Extracellular Na1 favors closure of the P2X7
receptor channel
Substitution of extracellular Na1 by any other tested alkali or
organic cation not only inﬂuenced the permeation character-
istics of single P2X7 receptor-dependent ion currents, but
also drastically changed the kinetic behavior of the P2X7
receptor. In particular, the mean open time, the open
probability, and the activation and deactivation time con-
stants increased. This effect can be explained by the existence
of a speciﬁc Na1 binding site with a Kd of ;5 mM.
Occupancy of this site by Na1 favors closure of the open
P2X7 receptor channel. The Na
1 binding site must be located
extracellularly, because substitution or readdition of Na1 at
the extracellular side of the membrane changed the kinetic
behavior within milliseconds. In contrast, substitution of
intracellular Cs1 or K1 by Na1 did not signiﬁcantly change
the kinetics of single P2X7 receptors (data not shown).
Furthermore, the Na1 binding site must be located within the
electrical ﬁeld of the membrane, since the Na1 effect turned
out to be membrane-voltage-dependent, although only
weakly. The weakening of the Na1 effect at more positive
voltages implies that at sufﬁcient positive membrane poten-
tials, a prolongation of the mean open time and an increase of
the open probability should occur. This was indeed what we
observed. In experiments not shown here, changing Vm from
120 mV to 160 mV in the presence of 0.1 mM ATP4
increased the mean open time from 4 6 2 ms to 15 6 4 ms,
the open probability from 0.1 6 0.05 to 0.256 0.08, the
activation time constant from 186 8 ms to 276 10 ms, and
the deactivation time constant from 196 6 ms to 356 9 ms.
FIGURE 7 Inﬂuence of extracellular cation species
on activation and deactivation kinetics of hP2X7
receptors. (A and B) Shown are typical current traces
from an apparent four-channel patch demonstrating the
different deactivation behavior of single P2X7 receptor
channels in extracellular solutions containing (A) Na1
or (B) 1MA1 as the principal cations. Exposure to
1 mM ATP4 is indicated by the horizontal bar. The
leak and nonspeciﬁc ATP4-induced currents have
been subtracted. (C–F) Effect of extracellular mono-
valent cations (100 mM Na1 or K1) on the activation
time course (during ATP4 application) and the deacti-
vation time course (during washout with indicated
washing solution) of currents from patches expressing
many P2X7 receptors. Horizontal bars indicate the pres-
ence of 0.1 mMATP4. Labeling by Na1 or K1 below
the horizontal bars indicates the principal cation pres-
ent during current activation. The principal cation
present during ATP4 washout, Na1 or K1, is indi-
cated in the right half of each panel. Each of the current
traces in gray was obtained by averaging two typical
current traces from the same multichannel patch. The
solid black lines represent ﬁts of the activation and
deactivation time course according to Eqs. 3 and 4,
respectively. The calculated time constants are indi-
cated. The slow component of the current decay in high
sodium solution (C and E) is due to residual nonspe-
ciﬁc ATP4-activated current that is not related to
P2X7 receptor expression.
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Long openings with a to of ;20 ms, however, were even
observed in some patches when P2X7 receptor activity was
measured at negative membrane potentials, especially at high
[ATP4] (7). We do not yet have an explanation for this. It is
possible that the Na1 binding site is not stable and is
somehow inﬂuenced by ATP4.
The effect of Na1 substitution on single-channel puriner-
gic receptors has been investigated for heterologously
expressed P2X2 receptors (16) and native P2X7-like recep-
tors of airway ciliated cells (36). In both cases, Na1 removal
had no effect on single-channel open times, suggesting that
the profound effect of Na1 on the probability and duration of
single-channel opening is speciﬁc for P2X7 receptor channels.
Modeling the effect of Na1 on single P2X7 receptor
channel kinetics
In a previous article, we showed that the principal micro-
scopic and macroscopic kinetics of the P2X7 receptor
channel can be described by a linear model comprising
three closed and one open state (C1-C2-C3-O4) with the rate
constants k12 ¼ 720 mM1 s1, k21 ¼ 50 s1, k23 ¼ 360
mM1 s1, k32 ¼ 100 s1, k34 ¼ 66 s1, and k43 ¼ 200 s1
(7). As shown here, one obvious effect of Na1 substitution
on microscopic P2X7 receptor channel kinetics is the
prolongation of the mean open time (to). Accordingly, to
account for the effect of Na1 replacement, the rate constant
k43, which determines to, was decreased from 200 s
1to 8
s1. This reduction of k43 increased the predicted parameters
to, Po tact, and tdeact, which corresponds well with the values
determined experimentally. In detail, the calculated mean
open time was increased from 5 to 125 ms (see Fig. 8 C), the
maximal open probability from 0.24 to 0.89 (compare (7)
and data of Fig. 5 B), the activation time constant from 15 to
81 ms (see Fig. 8 E), and the deactivation time constant from
20 to 212 ms (see Fig. 8 E). The mean closed times remained
unchanged by this modiﬁcation of the model. The model also
comprises three different mean closed times (see Fig. 5 D),
which are, however, so similar that they could not be sep-
arated by our recording and analyzing method. The predicted
closed times are within one standard deviation of the experi-
mental data, except for the highest tc values at the lowest
FIGURE 8 Dependence of P2X7 receptor single-channel
currents on the extracellular Na1 concentration. Patches
were held at 120 mV in bathing solutions containing
100 mM of either Na1 or K1 if not speciﬁed otherwise.
Singe-channel currents were recorded 1 s after initiating
receptor activation by switching to extracellular solutions
containing 0.1 mM ATP4 and Na1 in concentrations as
indicated on the abscissa, with [Na1]o 1 [K
1]o ¼ 100
mM. Since the ATP4-evoked currents were not inﬂu-
enced by preincubation of the patch in bathing solutions
with 100 mM Na1 or K1, data from otherwise identical
conditions were pooled. (A and B) Inﬂuence of activating
[ATP4] and Vh on single-channel conductance and
relative open probability at the indicated Na1 concentra-
tion. The relative open probability of the ATP4-activated
channels in the same patch was calculated by comparing
the currents (averaged over 1 s) recorded in the absence
and presence of extracellular Na1 (Eq. 5). (C and D)
Dependence of the mean open and closed times, respec-
tively, on the extracellular Na1 concentration during
ATP4-dependent activation. Superimposed ﬁts in B, C,
and E were calculated according to Eqs. 5 and 6. (E)
Dependence of the activation time course on [Na1]o during
activation of the current. tact was calculated according to
Eq. 3. (F) Inﬂuence of [Na1]o during activation (as in-
dicated on the abscissa) and deactivation (bath with 100
mM K1 or Na1, as indicated) on the deactivation time
course. tdeact was calculated according to Eq. 4.
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ATP4 concentration. This deviation is probably an artifact
resulting from our recording system, which does not recog-
nize dwell times longer than 4 s. The Po (ATP
4) relation-
ship in Na1-free solution is also approximately described by
the model (Fig. 5 B). Remarkably, although we only changed
the magnitude of the rate constant k43 for hP2X7 channel
closing, a reduction of the apparent Kd for ATP
4 from 251
mM in Na1-containing extracellular solution (7) to 44 mM in
Na1-free solution was predicted, which is in accordance with
the experimental data. Such an apparent increase of a binding
site afﬁnity due to an increased efﬁcacy has been described
in detail by Colquhoun (37).
Possible physiological relevance of the Na1-
dependent modulation of hP2X7 channel gating
It is well known that substitution of extracellular Na1 by K1
or organic cations increases the inﬂux of Ba21, ethidium1
(22), and Ca21 (38) into P2Z receptor-expressing B lym-
phocytes. Likewise, extracellular Na1 removal has been
reported to activate secondary divalent-dependent currents in
hP2X7 receptor-expressing Xenopus oocytes (15), to per-
meabilize hP2X7 receptor-expressing HEK293 cells for
NMDG1 (39), and to increase airway ciliary motility by
activating a native P2X7-like receptor (36). These effects
were explained by a competition between Na1 and Ca21
within the permeation pathway (38), an extracellular Na1
binding site inhibiting pore formation of the P2X7 receptor
(39), or a competitive inhibition by Na1 of the ATP4-
dependent activation of the purinergic receptor (36).
According to the effect of extracellular Na1 on the P2X7
receptor at the single-channel level described here, these
macroscopic effects may be explained by the increase of the
open probability, which may drastically increase the P2X7
receptor-dependent Ca21 inﬂux, assuming an unchanged
Ca21 permeability of the channel pore in Na1-free extra-
cellular solution. The Ca21 inﬂux might be further aug-
mented by the long channel openings observed under Na1
free conditions. This may increase the intracellular Ca21
concentration near the inner side of the cell membrane, since
the intracellular Ca21 buffers may become saturated if the
hP2X7 receptor channel stays continuously open for several
hundred milliseconds. The strongly increased [Ca21]i may
then be responsible for the pore formation (as already
suggested by (40)) and the enhanced ciliary motility.
Other intracellular or membrane-delimited signaling path-
ways leading secondarily to pore formation are possible.
In hP2X7 receptor-expressing Xenopus oocytes, prolonged
ATP4 application leads to a quick change of the reversal
potential of whole-cell currents recorded the by two-
electrode voltage clamp technique in Na1- and Ca21-free
extracellular solutions (9) Furthermore, under these experi-
mental conditions, a slow current increase in Na1-containing
Ca21-free bathing solutions was measured during ATP
application. Both effects were not observed under the patch-
clamp conditions applied here. Patch clamp measurements
could not be performed under Ca21-free conditions since the
patches became unstable. Therefore, we cannot rule out the
possibility that Ca21 withdrawal is involved in the effects on
whole cell currents.
Under conditions of tissue injury, not only ATP but also
K1 is released from necrotic cells. Furthermore, hypoxic
conditions are known to induce the secretion of ATP and K1
from metabolically malfunctioning cells (2,41,42). In met-
abolically compromised tissues, a replacement of extracel-
lular Na1 by K1 may occur that could enhance the efﬁcacy
and potency of ATP4 on P2X7 receptor-expressing cells of
the immune and inﬂammatory system. Furthermore, ATP-
mediated cell depolarization (38) increases the driving force
for K1 efﬂux and lowers the EC50 value of Na
1 at the Na1
binding site to favor channel closing. In this way, K1 efﬂux
may reinforce the ATP4 effect on P2X7-receptor-expressing
cells and even low concentrations of ATP4 may be capable
of activating the P2X7 receptor to a substantial extent.
In summary, by single-channel analysis, we have shown
here that the cation channel of the hP2X7 receptor does not
undergo pore dilatation upon sustained activation. Accord-
ing to our results, the cation pore of P2X7 receptors has
conventional ﬁxed permeation properties similar to the pores
of other ligand-gated cationic channels. Extracellular Na1
exerted a drastic effect on single-channel and macroscopic
kinetics, which could be explained by an allosterically
induced acceleration of channel closing by extracellular
Na1, resulting in a Na1-dependent decrease of the efﬁcacy
of ATP4 to activate the channel. Insights into the precise
mechanism by which Na1 exerts these effects may come
from a combination of single-channel recordings and site-
directed mutagenesis.
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